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& Introduction -

ANALYSIS WORKSHOP

« The Four Bed Carbon Dioxide (4BCQO2) scrubber Air-Save Pump (ASP) operates as
part of the adsorbent bed regeneration cycle.

« ASP removes residual air from the bed for return to the cabin prior to heat and
vacuum exposure which removes the CO2, regenerating the bed.
«  4BCO2 employs a Commercial Off-the-Shelf (COTS) scroll type air pump
— Repackaged in an acoustically insulated enclosure to reduce noise
— Mounted to a cold plate.
« The International Space Station (ISS) Low Temperature Loop (LTL), operates
between 38F and 50F

—  Flows first through a precooler to cool the process air. Precooler performance requires LTL.
— Then flows through the cold plate, cooling the pump. Acoustic enclosure precludes air cooling, requiring LTL.

* Results in competing ASP thermal design goals:
— Keep the pump and motor sufficiently cool
— Avoid forming condensation due to over-cooling.

« Surfaces below 60F typically warrant careful consideration of condensation.

« A test-calibrated thermal model demonstrates such a balanced design is feasible with
temperatures above 60F.

A separate, coupled fluid model predicts the potential for condensation formation,
allowing risk assessment of flying with the unmodified design.
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Outline

« 4BCO2 description

« The COTS air pump

« Thermal characterization testing showing condensation
risk

» Test correlated thermal model

« Condensation eliminating design mods

« Condensation model and analysis

* Questions?
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4BCO2 Description

e CO2 scrubber for EXPRESS Rack

 Consists of 4 beds
— Two CO2 adsorbing beds
— Two desiccant beds

* Fluid interfaces

— Avionics air cooling: 18.3C (65F) to 29.4C (85F)
— LTL cooling: 3.3C (38F) to 10C (50F)

— Process air: CO2 removed and returned to cabin
— Vacuum port: disposes extracted CO2

« LTL

— Cools process air upstream of adsorbent bed
— Cools the air save pump

TFAWS 2020 — August 18-20, 2020



TFAWS 2020 — August 18-20, 2020



Fans
using
avionics
air

Air Save
Pump

TFAWS 2020 — August 18-20, 2020



Pre-
cooler

Pump

Vacuum Process
Air

= -
- l TLTL interface
TFAWS 2020 — August 18-20, 2020



ASP Purpose

« 4BCO2 operates in two 80 minute half cycles —
— One adsorbent bed scrubs CO2 while the other regenerates
— One desiccant bed dries incoming ISS cabin air while the other
re-humidifies air going back to the cabin
« ASP participates in adsorbent bed regeneration process

— For the first 10 minutes: pumps residual air from the adsorbent
bed for return to the cabin

— For the remaining 70 minutes: heaters and vacuum exposure
removes CO2, recharging the bed for the next half cycle
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& 4BCO2 Operation NAs

ANALYSIS WORKSHOP

Description of Cycle and Half-Cycle

One Cycle
\

Humidifying \-L N
i

Drying Air Emptying CO2 "a -J Removing
% from last cycle Air ' 1 CO2 from air
L T
| | u I |
ﬁ D O,.0 ¢ “

. Q J [
Humidifying Removi . . i
<:| Air €02 from air Drying Air Emptying CO2
from last cycle

Half Cycle A Half Cycle B
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* Flipping through the next 25 slides fairly rapidly to show
4BCO2 operation as “pseudo animation”
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ANALYSIS WORKSHOP

4BCO2 Operation (1)

Air-Save
Half Cycle A
Primary heaters turned on, but still ‘cool’ Segment Al, Mode 2
to prevent removal of CO2 to cabin.
Desiccant D-1 , , Sorbent A-1
)- .J Full of CO2
o]
t
Empty, no water Check I—_H and some Air

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

Valve

Blower pushes
air through
system

Blower

-
AL
Check Empty, no CO2

I
Valve Sorbent A-2

Desiccant D-2
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Pre-Cooler A

Air in sorbent bed sent back to cabin
before CO2 removal. Prevents loss of
cabin air and increases purity of CO2
to the CMS system

CMS b Vacuum
A

ICD Interface

Safety

Solenoid CO, Exit
Valve

A
Air Save
Vacuum Pump
Air-Save turns ON
Pump

Bed is hot from last half
1 cycle, but heaters now
turned off
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4BCO2 Operation (2)

ANALYSIS WORKSHOP

Transition out of Air-Save

Half Cycle A

Desiccant bed removes moisture
Segment Al, Mode 2

from incoming air. Moisture in the
Sorbent bed limits adsorption of

COZ |n bed A‘2 Desiccant D-1 I Sorbent A-].I
P .J Full of CO2
i Water Increasing I Chck I—_H and some Air

Valve

CMS b Vacuum
A

ICD Interface

Safety
: Solenoid €O, Exit
\ Valve
1 Mode A1 A
1 IAAVACA L
! N ".} "1
1 AN mm) Valve changes as we
1 Air Inletmmp m 1 L_ . &
' exit air-save mode.
' Pre-Cooler A A Air-save vacuum
' pump turns off.
1
1
1
1
: Air-Save
1 Pump
: Air Outlet <mmm
1
1
1

Empty, no CO2
I
Sorbent A-2

ICD Interface
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4BCO2 Operation (3)

ANALYSIS WORKSHOP

Transition out of Air-Save

Half Cycle A
Segment Al, Mode 2

Desiccant D-1 , , Sorbent A-1
= .J Full of CO2
I Waterlncreasinﬁ C Check '—_H

Valve

—]

CMS b Vacuum
A

ICD Interface

Safety

Solenoid CO, Exit
Valve

A
.j' L C:
3
A

Air Save

Vacuum Pump

Air Inletmmmp

Pre-Cooler

‘ Air-Save OFF
= .J Pump
Air Outlet <mmm EH
i
Check Empty, no CO2
! i Valve I I
ICD Interface Desiccant D-2 Sorbent A-2
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ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

4BCO2 Operation (4)

Transition out of Air-Save

Half Cycle A
Segment Al, Mode 2

Desiccant D-1 , , Sorbent A-1
= .J Full of CO2
I Waterlncreasinﬁ C Check '"_H

Valve

—]

Pre-Cooler

E Empty, no CO2
I

I
Desiccant D-2 Sorbent A-2
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CMS

Vacuum

ICD Interface

Safety
Solenoid
Valve

CO, Exit

Sz

Air-Save
Pump

A
B A
Valve 106 directs
YA L = .
A
N —) - exit of Sorbent

bed A-1 to the
CO2 exit
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ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

4BCO2 Operation (5)

Adsorption of Bed A-2: Desorption of Bed A-1

Half Cycle A
Segment A2, Mode 3

Desiccant D-1 , , Sorbent A-1
= .J Full of CO2
I Waterlncreasini . Chck "_H

Valve

cycle, and warms the
air

@ |
Checlﬁ g Empty, no cozigll

Water Decreasin,

Bed is still hot from last

Val I I
Desiccant D-2 alve Sorbent A-2
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A B
NAAA -‘1 L 4
AN\ =
A A L’ 'J

Pre-Cooler

CO2 is removed (adsorbed) to the
CMS system for processing (if
CMS is available)

CcMS b Vacuum
!

ICD Interface
Safety
Solenoid CO, Exit
Valve

A

QS

Air-Save
Pump

Bed A-2 collecting (adsorbing) CO2
from the air pushed through the
system by the blower
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4BCO2 Operation (6)

ANALYSIS WORKSHOP

Adsorption of Bed A-2: Desorption of Bed A-1

Half Cycle A
Moisture prevents CO2 Segment A2, Mode 3
adsorption, moisture
removed by desiccant bed
Desiccant D-1 , , Sorbent A-1
)- .J ICO2 Decreasing
Water Increasing Ea
=X Check I—_H i
Valve | CMS _ﬂ Vacuum
A
ICD Interface
Safety
: Solenoid co, Exit
| Valve
1 B A
l ANAAA L dl°
- . =
i Air Inletmmmp Moisture from last AYAYAYA 1
1
Blower
! cycl'e ser'lt back to Pre-Cooler A
' cabin using warmed
: air from the sorbent
= T QL
l r i
1 A Air-Save
1 Pump
| Air Outlet 4=
: CO2 Increasing
1
1 I I
|CD Interface Desiccant D-2 Sorbent A-2
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4BCO2 Operation (7)

ANALYSIS WORKSHOP

Adsorption of Bed A-2: Desorption of Bed A-1

Half Cycle A
Segment A2, Mode 3

Desiccant D-1 Sorbent A-1,

|
Water Increasing \L. )' .J
{a ICO2 Decreasing
L
Check I—_H i
Valve | CcMS _ﬂ Vacuum
:D ________________
ICD Interface
Safety
Solenoid €O, Exit
Valve
B A B
VA L
N A A A
Air Inlet s AAANA =
Pre-Cooler A

QS

‘ Air-Save
. = .J Pump
Air Outlet <mmm EH CO2 Increasing
Check
1 . Valve J !
ICD Interface Desiccant D-2 Sorbent A-2
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4BCO2 Operation (8)

ANALYSIS WORKSHOP

Last Segment (CO2 to Vacuum)

Half Cycle A
Segment A3, Mode 4

Non-4BMS valve connects CO2
exit to vacuum to remove the
last of the CO2 so next cycle
can begin with an ‘empty’ bed.

Desiccant D-1 , , Sorbent A-1

CO2 Empt:
ey ﬂﬂu CMS ‘ o Vacuum|
= ______ = _
ICD Interface
Safety
Solenoid CO., Exit
Valve 2
A B
NAAA L 4
W‘
Air Inlet s AAANA =
Blower
Pre-Cooler A

QS

] ‘ Air-Save
_ J €02 Full Pump
Air Outlet <mmm
Water Empty Chclﬁ
! K Valve I I
|CD Interface Desiccant D-2 Sorbent A-2
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4BCO2 Operation (9)

ANALYSIS WORKSHOP

End of First Half Cycle

Half Cycle A
Segment A3, Mode 4

Desiccant D-1 , , Sorbent A-1

. J
{

u
Check I—_H CO2 Empty

Valve ﬂﬂu CMS ‘ o Vacuum|
= ______ = _
ICD Interface
Safety
Solenoid CO., Exit
Valve 2
A B
NAAA L 4
W‘
Air Inlet ) AAANA =
Blower
Pre-Cooler A

QS

| ‘ Air-Save
_ J €02 Full Pump
Air Outlet <mmm
Water Empty Chclﬁ
! . Valve I I
1CD Interface Desiccant D-2 Sorbent A-2
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ANALYSIS WORKSHOP

4BCO2 Operation (10)

Transition to Second Half Cycle Air-Save

All Valves move position to
transition to the next half-cycle

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

Half Cycle A
Segment A3, Mode 4

Desiccant D-1 , , Sorbent A-1

CO2 Empty

CMS b
-1

Vacuum

ICD Interface

Safety
Solenoid
Valve

CO, Exit

J ‘ Air-Save
T J €02 Full Pump
o]
Water Empty Check
Val I I
Desiccant D-2 alve Sorbent A-2
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4BCO2 Operation (11)

ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

ICD Interface

,

Transition to Second Half Cycle Air-Save

Temporary Cessation of All Air Flow
Segment A3, Mode 4

When valve 104 connects Bed A-1 at vacuum to 16 psia

process air, high delta pressure causes a sudden inrush
of air that can cause dusting of the sorbent

Desiccant D-1 , , Sorbent A-1

]

Vacuum E
Check CO2 Empty M

Valve | CMS L b Vacuum

‘ ICD Interface

Safety

Solenoid CO, Exit
Valve

16 psia

Gl i) (52D)

Blower is temporarily dead-
headed while valves are in this

C: position @ \

0 Q ,J o2 Ful uu” Turn on Air Save pump before
[ valve turns to ‘A’, or flow from
outlet will flow backwards into
Water Empty ’F Check Bed A-1. Moisture into bed
Valve I
Desiccant D-2 Sorbent A-2 and breaks pump
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4BCO2 Operation (12)

ANALYSIS WORKSHOP

Transition to Second Half Cycle Air-Save

Half Cycle A
Segment A3, Mode 4

Providing an air bypass bleed and
Desiccant D-1 , , Sorbent A-1

ij tl holding the valve at this position can

soften the pressure rise
Vacuum E
5 Check I—_H CO2 Empty
[

Valve CMS L b Vacuum

ICD Interface

Safety

Solenoid CO, Exit
Valve

Air Inletmmmp

A Blower

1
|
1
1
|
1
1
|
1
! Pre-Cooler B A
1
| B
|
1
|
' L
: ‘ Air-Save

L

I - .J CO2 Full Pump
| Air Outlet 4= ]
1 1-
: Water Empty H——I Check T‘ Some Air
: . Valve I ]

ICD Interface Desiccant D-2 Sorbent A-2
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4BCO2 Operation (13)

ANALYSIS WORKSHOP

Second Half Cycle Air-Save

Half Cycle B
Segment B1, Mode 5

Half Cycle is now repeated, but in the
opposite direction

Desiccant D-1 , , Sorbent A-1

ufw

% Check I—_H
1 | valve

CO2 Empty
CMS L b Vacuum

ICD Interface

Safety

Solenoid CO, Exit
Valve

I = br'- J-’
. o
Air Inlet s r A
A Pre-Cooler B A
B
L:
Air-Save

‘ 1
— .J CO2 Full Pump
Air Outlet 4mmm EH
Water Empty ’F Chck T‘ Some Air
: . Valve I ]
ICD Interface Desiccant D-2 Sorbent A-2
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Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

4BCO2 Operation (14)

Transition out of Second Half Cycle Air-Save

Half Cycle B
Segment B1, Mode 5

Desiccant D-1 ij , , Sorbent A-1,
% Check I—_H ECOZ IncreasingE
1 | valve

Blower

("
"l

CMS b Vacuum
A

ICD Interface

Safety

Solenoid CO, Exit
Valve

Air-Save

Pump

J- ,J CO2 Decreasin,
Water Increasing Chck T‘
Valve I I
Desiccant D-2 Sorbent A-2
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4BCO2 Operation (15)

ANALYSIS WORKSHOP

Transition out of Second Half Cycle Air-Save

Half Cycle B
Segment B1, Mode 5

Desiccant D-1 ij , , Sorbent A-1,
Il - Check I—_H ECOZ IncreasingE
” 1| valve cMSs -.ﬂ Vacuum

ICD Interface

Safety

Solenoid €O, Exit
Valve

1
1
5 B
' J
! ——)
i Air Inletmmp r r
1
: A Pre-Cooler B
1
N B
I . @
1
1
1
: ‘ | Air-Save
I = .J €02 Decreasi ' Pump
| Air Outlet qmmm EH ecreasin
' ]
: Water Increasing ’F Chck T‘
I . Valve I I
ICD Interface Desiccant D-2 Sorbent A-2
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ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

B
B
=) R a4
g
r r
B

4BCO2 Operation (16)

Transition out of Second Half Cycle Air-Save

Half Cycle B
Segment B1, Mode 5

Desiccant D-1 , . SorbentA-1,
- Check I—_H QCOZ |ncreasing§
1 | valve I 11 .

ICD Interface

Safety

Solenoid CO, Exit
Valve

Pre-Cooler

Sz

Air-Save
Pump

CO2 Decreasin,

|
Sorbent A-2

TFAWS 2020 — August 18-20, 2020
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ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

4BCO2 Operation (17)

Adsorption of Bed A-1: Desorption of Bed A-2

Half Cycle B
Segment B2, Mode 6

Desiccant D-1 , , Sorbent A-1 |

Valve

L

CcMS b Vacuum
!

ICD Interface

CO2 Decreasing

Safety
Solenoid CO., Exit
Valve 2
B
B
_I -
——)
r
Pre-Cooler B
u” Air-Save
L Pump

|
Sorbent A-2

TFAWS 2020 — August 18-20, 2020
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4BCO2 Operation (18)

ANALYSIS WORKSHOP

Adsorption of Bed A-1: Desorption of Bed A-2

Half Cycle B
Segment B2, Mode 6

Desiccant D-1 , , Sorbent A-1 |
- Lﬁ{ﬂcoz Increaﬁngﬂ
Il Check I—_H
1 | valve cms - b Vacuum

ICD Interface

CO2 Decreasin,

Safety
| solenoid | o, xit
1 B alve
' B
0 =] = -1
' AN =
i Air Inletmmp r
1
: Pre-Cooler B
1
1
| QL
1
1
1
: u” Air-Save
! i Pump
: Air Outlet <mmm
1
1
1

f
ICD Interface Sorbent A-2
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ANALYSIS WORKSHOP

4BCO2 Operation (19)

Adsorption of Bed A-1: Desorption of Bed A-2

Half Cycle B
Segment B2, Mode 6

Desiccant D-1 , , Sorbent A-1, |

Check

CO2 Increasing
Water Decreasin,

Air Inlet s

Valve

Pre-Cooler

CcMS b Vacuum
!

ICD Interface

Safety

Solenoid CO, Exit
Valve

=) (=)
&

Air-Save

Air Outlet <mmm

E Cco2 Decreasing
Check T‘

ICD Interface

Pump

Water Increasing
Valve

|
Desiccant D-2 Sorbent A-2

TFAWS 2020 — August 18-20, 2020
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4BCO2 Operation (20)

ANALYSIS WORKSHOP

Vent to Vacuum

Half Cycle B
Segment B3, Mode 7

Desiccant D-1 Sorbent A-1,

1
Li%]ij Full of CO2

i Empty, no Water % Check I—_H
|

Valve

CMS ‘ Vacuum|
r

ICD Interface

Safety
: Solenoid co, Exit
! B Valve
| B
0 =] = -1
' o
1 Air Inletmmp r
1
: Pre-Cooler B
1
1
' QL
1
1
1
: ‘ u” Air-Save
I _ l‘ L Pump
| Air Outlet 4= EH
1
| i
! Check T‘ Empty, no CO2
I . Valve I I
ICD Interface Desiccant D-2 Sorbent A-2
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4BCO2 Operation (21)

ANALYSIS WORKSHOP

End of Second Half Cycle

Half Cycle B
Segment B3, Mode 7

Desiccant D-1 Sorbent A-1,

1
\_i%] i_‘ Full of CO2

i Empty, no Water % Check I—_H
|

Valve

CMS ‘ Vacuum|
r

ICD Interface

Safety
: Solenoid co, Exit
! B Valve
| B
0 =] = -1
' o
1 Air Inletmmp r
1
: Pre-Cooler B
1
1
' QL
1
1
1
: ‘ u” Air-Save
I _ l‘ L Pump
| Air Outlet 4= EH
1
| i
! Check T‘ Empty, no CO2
I . Valve I I
ICD Interface Desiccant D-2 Sorbent A-2
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ANALYSIS WORKSHOP

Air Inletmmmp

Air Outlet <mmm

1
ICD Interface

4BCO2 Operation (22)

Transition to First Half Cycle

Half Cycle B
Segment B3, Mode 7

Desiccant D-1 Sorbent A-1,

1
\_i%] i_‘ Full of CO2

i Empty, no Water % Check I—_H
|

Valve

CMS b
-1

Vacuum

ICD Interface

Safety
Solenoid
Valve

CO, Exit

Empty, no CO2

Pre-Cooler
u” Air-Save
L Pump

| |
Desiccant D-2 Sorbent A-2

TFAWS 2020 — August 18-20, 2020

=4 (=)

32



Air Inletmmmp

Air Outlet <mmm

ICD Interface

4BCO2 Operation (23)

=

Transition to First Half Cycle

Temporary Cessation of All Air Flow
Segment B3, Mode 7

Desiccant D-1 , , Sorbent A-1
\L. )- .J Full of CO2
i Empty, no Water 5 Check I
| I | valve |

CMS b Vacuum
A

ICD Interface

Safety

Solenoid CO, Exit
Valve

(Sl i) (i)

Blower
Pre-Cooler
u” Air-Save
i Pump

L-\—W Check T‘ Empty, no COZE

Val I
Desiccant D-2 alve Sorbent A-2
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4BCO2 Operation (24)

ANALYSIS WORKSHOP

Transition to First Half Cycle

Half Cycle B
Segment B3, Mode 7

Desiccant D-1 , , Sorbent A-1
e .J Full of CO2
i Empty, no water Chck I:H and some Air

Valve

CMS b Vacuum
A

ICD Interface

Safety
A Solenoid CO., Exit
Valve 2
_@ s -‘7 -‘3
Air Inletmmp NAANA L.

Air-Save
Pump

Air Outlet <mmm

1
ICD Interface

Empty, no CO2
I
Sorbent A-2

A Valve
Desiccant D-2
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4BCO2 Operation (25)

ANALYSIS WORKSHOP

Air-Save

Half Cycle A
Segment Al, Mode 2

Desiccant D-1 , , Sorbent A-1,
i .J Full of CO2
Empty, no water Check I:H and some Air

Valve

CMS ﬂ Vacuum
A

ICD Interface

Safety

Solenoid €O, Exit
Valve

Air Inletmmp

Air-Save
Pump

Air Outlet 4mmm

Empty, no CO2
I
Sorbent A-2

Valve

ICD Interface Desiccant D-2
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* Noise requirements drove repackaging the COTS pump
and motor, putting it inside an acoustically insulated

enclosure

— Motor drive board relocated to separate avionics box
— Motor and point mounted to LTL-cooled cold plate, no fan

cooling

pump motor motor controller

(moved)

fan mounting structure
(removed) (removed)

TFAWS 2020 — August 18-20, 2020

Thermal Limits

50C (122F) ambient rating in
vendor-supplied form

70C (158F) max pump
housing

65C (149F) max motor
housing

Performance characteristics

~75/25 pump/motor heat
dissipation split

Motor efficiency ~75%

Pump efficiency = low (~4%)
since pumping against
deadhead vacuum most of the
time



thermal
straps
acoustic enclosure (aluminum blocks . motor .
(aluminum) pillars and foils) (stainless housing)

(aluminum)

1d plat
cold p ate pump Cradle thermal thermal
(aluminum) . . ) Isolators
(aluminum housing) (aluminum) Spacer (G10)
(aluminum)

Cold plate thermal insulation and acoustic insulation not shown
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ISS Temperature/Humidity Envelope NF

. SSP 57000 Rev S, Section 3.9.1 specifies condensation prevention
requirements

— Generally interpreted as avoiding surface temperatures below 15.6C (60F),
the worst case cabin air dew point
— Exceptions permitted if no fungus susceptibility

— SSP 57000 ISS temperature/humidity environment applies to ISS cabin, but
assumed to apply inside the 4BCO2 rack

0.0400

For Air| (21% Oxygen, 79% Nitrogen) at 1 atmosphere

+ 0.0350
+ 0.0300

ISS atmosphere temperature  .miaes | 0.0250
humidity envelope

- 0.0200

+ 0.0150

r=== (.0100

Moisture Content (kg water/kg dry air)

44degC
(40 deg F) - H
Dewpoint i_:_-—_-_f: - o I - 0.0050
— 17°C Dry Bulb 28:;;1113.-?
| } 0.0000

0 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Dry Bulb Temperature (degrees C)

« Thermal characterization testing with the Flight Unit showed numerous
temperatures below 15.6C (60F)
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145
140

110

|
Temperature (Deg F
bmmbmuumwmwcg
w o un i © nn O N1 O Bt o u»n

40

11:20 11:40 12:00 12:20 12:40 13:00 13:20 13:40 14:00 14:20 14:40 15:00 15:20 15:40 16:00 16:20 16:40 17:00 17:20 17:40 18:00 18:20 18:40

Thermal characterization testing with the Flight Unit showed numerous
temperatures below 15.6C (60F)

» » » « TC#1 - Air Save Pump Housing - Top (near interface block) s TCH2 - Air Save Pump Housing - Near Outlet Port s TCH3 - Air Save Pump Housing — Bottom (near Cradle)

= = TC#6 - Thermal Strap — Near Pillar
=——TC#9 - Cradle

——TCi#11 - Cold Plate — Between Cradle and Back Pillars — - =TC#12 - Enclosure Top - Internal to Acoustic Insulation (Top)
TC#14 - Enclosure - External (Side)

TC#4 - Interface Bracket to Thermal Strap
»=+++ TCHT - Pillar — Near Strap

= = TC#45 - Thermal Strap — Near Bracket

«+=++ TCH8 - Pillar — Near Cold Plate
——TC#10 - Cold Plate - Between Cradle and Front Pillars

=+ = TC#13 - Enclosure Top - Internal to Acoustic Insulation (Side) TCH#15 - Water Supply Temperature

TC#16 - Water Return Temperature ———TC#17 - Enclosure - External (Near Front G10 Spacer) TC#18 - Controller Housing (Top)

——TC#19 - Controller Housing (Bottom) —— TC#20 - Controller Housing (Side) ——TC#21 - Controller Board

——TC#22 - Controller Board ——TC#23 - Air Save Pump Motor Housing (Top) ——TC#24 - Air Save Pump Motor Housing (Side)

Cooling Cart conditioned to 41F (5C)
Flow at 262 pph
Controller On Standby

Pump On for 10 min.
Environment: 68.5F, 36% RH

at 4500 rpm
3 cycles

Pump On for 10 min.
at 4000 rpm
3 cycles

Pump Off for 70 min.
3 cycles

Pump Off for 70 min.
3 cycles H

Time CST (Hr:Min)

TFAWS 2020 — August 18-20, 2020

TC #5 Thermal Strap — Near Bracket
TC #6 Thermal Strap — Near Pillar

TC #4 Interface Bracket TC #23 Motor Housing - Top

TC #24 Motor Housing - Side
TC #1 Pump Housing

— Near Bracket
TC #2 Pump Housing
— Near Outlet Port

TC#10 Cold Plate,

TC#11 Cold Plate
TC #3 Pump Housing - Bottom

TC #9 Cradle

TCH#7 Pillar — Near Thermal Strap
TC#15 Water Supply

TC#16 Water Return TC#8 Pillar — Near Cold Plate

Temperatures below
15.6C (60F)



In fan/air-cooled COTS configuration, possibility exists to treat pump
as a simple “component” rated for 50C (122F) ambient conditions.

— Ensuring rack air temperature less than 50C in vicinity of pump would
suffice

— Rack air < 100% relative humidity and pump temperature always = rack
air temperature = no condensation

Acoustic enclosure and cold plate results in need for thermal
balance between competing goals

— Pump and motor must not get too hot, BUT

— Need to avoid over-cooling to prevent condensation

— Acoustic enclosure precludes using avionics air to cool ASP

LTL temperatures ranging from 3.3C (38F) to 10C (50F) pose a real
condensation concern with 15.6C (60F) dew point limit

— Low LTL temperatures required by pre-cooler performance demands
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« ASP thermal model developed and run with Thermal
Desktop (also part of ABCO2 system level model)

 Model dialed-in to agree with transient thermal
characterization test data for hot and cold cases.

* Resulting tuned thermal model used to identify design
changes balancing and satisfying the competing thermal
goals — keeping pump and motor sufficiently cool without
allowing condensation to form

« Additional fluid model (Thermal Desktop FIoCAD)
predicted condensation formation and accumulation for a
range of possible worst case conditions
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ASP Thermal Model

Cover and insulation removed
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Woatts

ASP Power and Heat Dissipations for Operation at 4000 RPM

110.00
100.00 /
90.00

80.00

One half cycle =

v

70.00 <
50.00 /
50.00
40.00

30.00

20.00

10.00

80 minutes

0.00

0,0 1000.0 2000.0 3000.0 4000.0 5000.0 6000.0 7000.0 8000.0

-10.00
Time (seconds)

——Power Input to Motor Controller ——Pump Heat Dissipation
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9000.0

10000.0

Motor Heat Dissipation

Power measured at input
to motor controller and
used to compute pump
and motor heat dissipation

Assumptions

—  3.6W controller standby
power

— 85% controller converter
efficiency

—  75% motor efficiency

— 4% pump efficiency (averaged
over 10 minute operation)

— Linear power variation over 10
minute pump down (higher
power when pumping against
dead head vacuum



INALYSIS WORKSHOP

Temperature (deg C)

Model Calibrated to Test. Pump NA

Pump
——TC#1 - Air Save Pump Housing — Top (near interface block) ——TC#2 - Air Save Pump Housing - Near Outlet Port TCH#3 - Air Save Pump Housing — Bottom (near Cradle)
pumpl = =pump2 = =pump3 o3 18
20 Solid line = test data
Dashed line = model
70
60
50 , |
| |
| |
\ \
40 \ \ \
\ \ \
\ \
A \
30
20
10 &
0
0 5000 10000 15000 20000 25000 30000

Time (seconds)

Only cold test shown, similar model-to-test agreement seen for hot test
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ANALYSIS WORKSHOP

70

60

50

=~
o

w
o

Temperature (deg C)

20

10

\\
\\!
\\
)
\

\\Y

Motor

——TC#23 - Air Save Pump Motor Housing (Top) ——TC#24 - Air Save Pump Motor Housing (Side) = =motor4 = =motor5

Solid line = test data
Dashed line = model

\ \
A \
\ \ |
\ \ \ 1 M
\ \ ‘\‘ \11 \\
\ \ W \
\ \!
\ \ W
\ \\)
\ \\ W W\
\ \ W W
§ \ A\ W \\
N N W W
N N NS
N N D . %
5000 10000 15000 20000 25000

Time (seconds)

Only cold test shown, similar model-to-test agreement seen for hot test
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INALYSIS WORKSHOP

Temperature (deg C)

30

25

20

15

TC#4 - Interface Bracket to Thermal Strap

5000

Cold Block and Strap Blocks

——TCH5 - Thermal Strap — Near Bracket

10000

——TC#6 - Thermal Strap — Near Pillar = =coldblk6

15000 20000

Time (seconds)

= =strapblku7 strapblkl8

Solid line = test data
Dashed line = model

25000

Only cold test shown, similar model-to-test agreement seen for hot test
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INALYSIS WORKSHOP

Temperature (deg C)

30

25

20

15

Pillars and Cradle

——TCH7 - Pillar— Near Strap ~ ——TC#8 - Pillar— Near Cold Plate =~ ——TC#9 -Cradle = =pillaru9 = =pillarl10 = =cradle1l

Solid line = test data
Dashed line = model

5000 10000 15000 20000 25000
Time (seconds)

Only cold test shown, similar model-to-test agreement seen for hot test
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ANALYSIS WORKSHOP

Temperature (deg C)

20

18

16

14

[y
N

=
o

[e4]

Cold plate

——TC#10 - Cold Plate — Between Cradle and Front Pillars ——TC#11 - Cold Plate — Between Cradle and Back Pillars = =coldplt12 = =coldplt13

Solid line = test data
Dashed line = model

5000 10000 15000 20000 25000 30000
Times (seconds)

Only cold test shown, similar model-to-test agreement seen for hot test
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Acoustic Enclosure

——TC#14 - Enclosure - External (Side) TC#17 - Enclosure - External (Near Front G10 Spacer) = =coversideld = =coverbot15
25 . .
Solid line = test data
Dashed line = model
20

[ary
w

Temperature (deg C)

0 5000 10000 15000 20000 25000 30000
Time (seconds)

Only cold test shown, similar model-to-test agreement seen for hot test
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Thermal Design Study

Using the dialed-in thermal model ...

Cases based on conditions predicted in the rack:
— Cold case — try to get temperatures > 15.6C (60F)
— Hot case — make sure pump temperature < 70C (158F) and
motor temperature < 65C (149F)
Analysis predicted no exterior condensation for expected
cold operating conditions

Found these design mods
— Decrease thermal coupling to the cold plate by eliminating
iIndium shims in lieu of thermal insulator shims
» Supports beneath cradle
» Beneath legs of pillars
— Increase thermal coupling from pump to upper cold block to
offset pump and motor temperature increases caused by the
thermal insulator shims
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3: Improve thermal coupling to offset
pump and motor temperature increases

caused by 1 & 2

1: 2 places: eliminate indium shim,

decrease thermal coupling to equivalent
0.02” G-10

2: 4 places: eliminate indium shims,

decrease thermal coupling to equivalent
0.04” G-10
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Design Outcome

* Project decided not to modify the first flight unit, though
these changes could be applied to the second flight unit
— Late in project schedule
— Decided to accept condensation risk on basis of fungus resistant
materials used throughout
 Still need to look at condensation risk
— Necessity of on-orbit condensation mitigation steps?
* Inspection?
— Motor not design for operation in presence of liquid water, wiring
not hermetically sealed to housing
« Motor OK for high humidity noncondensing conditions
 Pump OK in presence of condensatio
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Plenum at 29.4C (85F), 2 humidity conditions

1. 15.6C (60F) dew point = 43% relative humidity/' 4
— nominal worst case

2. 75% relative humidity (24.5C =76.1F dew 2-constituent fluid COIlSiStiIlg of
point) — extreme worst case 1.  Air (ideal gas)

2. Two-phase water

Initial condition in tank = same

Orifice
Represents air leak path into the enclosure / as the plenum

Phase specific suction — only water vapor
allowed to pass, trapping liquid water in
the enclosure

H

AA
W
Tank
80 in3 volume
Fluid tie, based on 353 in?
surface area, and 1 inch
thick conduction path Thermal boundary node: time
through air dependent temperature derived
from ASP thermal model
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Average Interior Surface Temperature for One Half Cycle

26 . Arithmetic node added to interior of ASP
model

24 . Thermal Desktop conductors used to
connect interior surfaces all connected to this
arithmetic node

22

. Used the 1way option with arithmetic node
down stream

. Arithmetic node computes the areal average
internal surface temperature

Temperature (C)
= N
o} o

=
o))

/ 15.6C (60F) dew point

14
12
10
0 1000 2000 3000 4000 5000
Time, (sec)
——8.9C, precooler warming ——3.3C, no precooler warming
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Leak Size Sensitivity Study NA

S RKSHOP

Sensitivity Check - Condensation vs Leak Size

0.007

0.006

0.005
£ . Plenum and tank start at 29.4C (85F) and 43% R.H.
(1]
00,004 . Boundary temperature step change to 8.9C (48F)
5 . Condensation response computed for range of orifice sizes
© . Orifice area based on effective gap size between edge of acoustic cover and
_QDC, 0.003 cold plate insulation, ranging from 106 to 101 inch
5 . Identical results for gaps of 10 to 10! inch
) . .

0.002 . Condensation forms more slowly for progressively smaller gaps

' . Condensation reaches steady state in 3 minutes or less, compared to the 70
minute pump down cycle
0.001 *  CONCLUSION - do not need accurate knowledge of the leak geometry to
obtain meaningful condensation predictions
0
20 40 60 80 100 120 140 160 180
time (seconds)
——gap:0.000001" —gap:0.00000333" gap:0.00001" gap:0.0001" —gap:0.001" —gap:0.01" —gap:0.1"
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Condensation Prediction

Condensation Response - 10 Half Cycles
0.025

0.02

0.015

0.01

Condensation (grams)

0.005

NWAAAAAAAAAL

0 10000 20000 30000 40000 50000 60000
Time (seconds)

a=»?9.4C, 43% RH, 8.89C LTL ===29.4C, 43% RH, 3.33CLTL ===29.4C, 75% RH, 3.33CLTL
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Condensation Prediction

Condensation Response - 200 Half Cycles
0.1

0.09

c o o o 9
o ©o o o o
E 0 & N ®

Condensation (grams)

o
o
w

0 200000 400000 600000 800000 1000000 1200000
Time (seconds)

—29.4C, 43% RH, 8.89C LTL —29.4C, 43% RH, 3.33CLTL ——29.4C, 75% RH, 3.33CLTL
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Condensation Predictions

« Ran cyclic simulation with average surface temperature obtained from ASP

thermal model

29.4C (85F), 43% R.H. 8.9C (48F) — includes
precooler warming effect

29.4C (85F), 43% R.H. 3.3C (38F) — excludes
precooler warming effect

29.4C (85F), 75% R.H. 3.3C (38F) — excludes
precooler warming effect

Reasonable worst case

Moderately extreme worst
case

Extreme worst case

No condensation

Condensation forms on
each half cycle, but
completely evaporates ...
no accumulation

Condensation forms on
each half cycle, but does
not completely evaporate ...
condensation accumulates.
Assume 3 year mission
running continuously at
these extreme worst case
conditions, ~9 mL predicted
to form

« CONCLUSION: condensation unlikely to form, condensation risk of flying
as-is design falls between zero and very small
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4BCO2-DOC-003A Four Bed CO2 Scrubber Concept of Operations
4BCO2-RQMT-004D System Requirements and Verifiaiton Matrix

ISS Pressurized Payloads Interface Requirements Document, SSP 57000
Rev S

Air Save Pump Assembly and Controller Thermal Characterization Test for
Flight Unit, JETS-JE33-20-TLSS-TP-0012, 2/27/2020

Thermal Desktop (Version 6.0) technical documentation

Scroll Labs Datasheet and User Guide for SVF-50 Miniature Dry Floating
Scroll Vacuum Pump

Acknowledgement to Warren Peters (MSFC-ES62) who created the 4BCO2
cycle diagrams and pseudo animation
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Questions?
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